Polarized beam neutron-scattering measurements on a highly perfect crystal of YBa 2 Cu 3 O 6.6 show a distinct magnetic transition to a different phase with an onset at about 235 K, the temperature expected for the pseudogap transition. The moment is found to be about 0.1 B for each sublattice and has a correlation length of at least 75 Å. We found the critical exponent for the magnetic neutron intensity to be 2␤ = 0.37Ϯ 0.12. This is the proper range for the class of transition that has no specific-heat divergence possibly explaining why none is found at the pseudogap transition. DOI: 10.1103/PhysRevB.78.020506 PACS number͑s͒: 74.72.Bk, 75.25.ϩz, 61.05.fm, 72.15.Gd Superconductivity produces a gap in the quasiparticle spectrum which for conventional materials disappears as the temperature is increased to T c , where the superconducting electron pairs are no longer bound together. However, for the underdoped cuprate materials a pseudogap measured by a number of techniques appears at a temperature T ‫ء‬ Ͼ T c , with T ‫ء‬ increasing as T c gets smaller. This pseudogap associated with T ‫ء‬ is one of the most puzzling and important attributes of the cuprate superconductors.
Polarized beam neutron-scattering measurements on a highly perfect crystal of YBa 2 Cu 3 O 6.6 show a distinct magnetic transition to a different phase with an onset at about 235 K, the temperature expected for the pseudogap transition. The moment is found to be about 0.1 B for each sublattice and has a correlation length of at least 75 Å. We found the critical exponent for the magnetic neutron intensity to be 2␤ = 0.37Ϯ 0.12. This is the proper range for the class of transition that has no specific-heat divergence possibly explaining why none is found at the pseudogap transition. Superconductivity produces a gap in the quasiparticle spectrum which for conventional materials disappears as the temperature is increased to T c , where the superconducting electron pairs are no longer bound together. However, for the underdoped cuprate materials a pseudogap measured by a number of techniques appears at a temperature T ‫ء‬ Ͼ T c , with T ‫ء‬ increasing as T c gets smaller. This pseudogap associated with T ‫ء‬ is one of the most puzzling and important attributes of the cuprate superconductors.
1,2 Indeed since superconductivity originates from the pseudogap state, it is this state that has to be understood to determine the mechanism for hightemperature superconductivity. One possible origin of the pseudogap is to postulate that phase incoherent pairs are established as the material is cooled through the pseudogap temperature T ‫ء‬ , with superconductivity developing at a lower temperature T c when phase coherence is established. 3 This picture has been studied by the Nernst effect, 4 which shows the presence of vortexlike excitations in the pseudogap phase. However, upon warming the Nernst effect 4 disappears well before T ‫ء‬ is reached, suggesting that well-defined preformed pairs may not be present at temperatures as high as T ‫ء‬ .
Completely different approaches [5] [6] [7] to the problem postulated a state with broken symmetry that displayed a pattern of circulating currents ͑CC phase͒ in the a-b plane. As the sample is cooled, this state appears at T ‫ء‬ and for near optimal doping ends at a quantum critical point. The present study considers a magnetic signal found at certain ͑H , K , L͒ positions in the reciprocal lattice. These would correspond to the phases considered by Varma 5, 6 which preserve the translational symmetry of the lattice. Since translational symmetry is not broken, the signal to observe the phases occurs at the Bragg positions of the unit cell which means they sit on top of the much more intense nuclear scattering. A very sensitive polarized beam experiment is thus needed to observe them. Fauqué et al. 8 have undertaken polarized neutron-scattering measurements to search for this phase at the expected positions for several underdoped YBa 2 Cu 3 O 6+x ͑YBCO͒ samples. They observed an increase in polarized neutron scattering upon cooling, which represents a magnetic signal, which could be associated with the pseudogap temperature T ‫ء‬ . We have undertaken similar polarized neutron measurements on a well characterized single crystal of underdoped YBa 2 Cu 3 O 6.6 ͑T c =63 K͒. Since the crystal has a highly perfect Ortho II order, a very sharp superconducting transition shown in Fig. 1͑b͒ , and is quite large ͑25 g͒, a better defined magnetic transition is found. As a result, additional important information about the magnetic state, namely, a critical exponent for the magnetic neutron intensity of 2␤ = 0.37Ϯ 0.12, could be obtained. We aligned our YBCO ͑x = 6.6͒ sample in the ͓H ,0,L͔ scattering plane, which is the orientation used by Fauqué et FIG. 1 . ͑Color online͒ The scattering diagram used in the experiment, the superconducting transition, and the raw data acquired for the ͑1, 0, 1͒ reflection. Panel ͑a͒ shows the scattering diagram where Q is positioned for the ͑1, 0, 1͒ reflection. P ʈ Q and P Ќ Q are in the scattering plane and are two of the polarization states used. The third state is P ʈ z, where z is perpendicular to the scattering plane. ͑b͒ shows the superconducting transition obtained by measuring the polarization transmitted through the crystal in zero applied field. The transition is very sharp for an underdoped crystal of the size used. ͑c͒ shows a polarized measurement made in the P ʈ Q arrangement where the red squares show the SF magnetic scattering and the blue points are the NSF nonmagnetic scattering normalized to the SF scattering at room temperature. The distinct jump in the SF data below 230 K shows the magnetic transition. The errors are from counting statistics and multiple runs were averaged to improve the counting errors al. 8 in their experiments ͓Fig. 1͑a͔͒. Since the sample is twinned we do not differentiate between the ͓0,K , L͔ and ͓H ,0,L͔ directions. All the polarized neutron-diffraction measurements were collected on the 4F1 triple-axis spectrometer at the Laboratoire Léon Brillouin, Saclay, France. Our polarized neutron-diffraction setup is similar to that originally described in Ref. 8 with a polarized incident neutron beam at E i = 13.7 meV obtained with a polarizing supermirror ͑bender͒ and a Heusler analyzer. A pyrolytic graphite filter was used in the incident beam before the bender to reduce background neutrons. Here the scattering wave vector
The analyzer size was reduced to improve the polarization efficiency. The standard polarized technique was employed where a neutron spin flipper was placed before the sample to reverse the polarization of neutrons. The flipping ratio is defined as the ratio of the non-spin-flip ͑NSF͒ neutron intensity, where the polarization is kept the same, over the spin-flip ͑SF͒ neutron intensity where the spin of neutrons is flipped. All magnetic scattering stems from a moment that lies in the plane Ќ to Q. A magnetic guide field ͑ϳ10 Oe͒ at the sample position was controlled by coils to establish the polarization in the desired direction. We made measurements for three different polarization configurations. Two of these are with the polarization P in the scattering plane, P Ќ Q and P ʈ Q. The third is with PЌ to the scattering plane which we will denote by P ʈ z, as shown in Fig. 1͑a͒ . For P ʈ Q, all the magnetic scattering will be SF and the magnetic moment producing the scattering is directed anywhere in the plane Ќ to Q. This last condition also applies for the other two polarization directions plus the extra condition that the moment lies in the plane Ќ to P for each case. The polarization is very high for a neutron experiment, with a flipping ratio R = NSF/ SF being about 75. Figure 1͑c͒ shows raw data for the ͑1, 0, 1͒ reflection using the P ʈ Q polarization configuration. Here the non-spinflip scattering which is nonmagnetic has been scaled at 300 K to the SF scattering which contains possible magnetic scattering. The NSF scattering shows how the Debye-Waller factor affects the data or how the SF scattering would look if there were no magnetic transition. The SF scattering follows the NSF scattering until about 230 K, at which point it rises rapidly above the NSF scattering demonstrating the transition to a magnetic state. That observation confirms the previous measurement of Fauqué et al. 8 of a magnetic order associated with the pseudogap state. However, the transition is sharp relative to the previous report which showed a near linear increase with temperature.
A crucial part of the measurement is determining the temperature dependence of the NSF/SF background. We ignored this in Fig. 1͑b͒ but to get the correct size of the magnetic signal this must be known. The magnetic signal drops off as the momentum transfer is increased so that the background may be obtained by making a measurement at a high Q reflection where the magnetic form factor considerably reduces the signal. We chose the ͑2, 0, 1͒ reflection, which is not so far out that the spectrometer configuration is not greatly changed, but far enough out that magnetic scattering is expected to be small. Figure 2 shows the results of measurements in the three polarization configurations where the background is included in the data analysis. The background obtained from the ͑2, 0, 1͒ reflection is shown in Fig. 2͑b͒ . This background is in good agreement with that obtained by the sum rule on the polarization states in which data from the P ʈ Q configuration must be equal to the sum of that taken in the P Ќ Q and P ʈ z conditions. Such a good agreement, also reported in Ref. 8 , shows that the additional scattering present below around 230 K at ͑1, 0, 1͒ in the SF channel is absent ͑or nonobservable within errors͒ at the ͑2, 0, 1͒ reflection. Figures 2͑a͒,  2͑c͒ , and 2͑d͒ show the results of the measurements in the three polarization conditions where the background, denoted by blue, is shown for all the measurements. From these results the moment direction may be obtained and is found to be at a position of 55°Ϯ 7°from the c axis. Figure 3 gives results obtained from the ͑1, 0, 0͒ reflection. This reflection has a considerably larger nuclear cross section than the ͑1, 0, 1͒ so that it is more difficult to obtain accurate data. Because the counting errors are larger it is difficult to determine the magnetic transition as accurately as for the ͑1, 0, 1͒, but the two results are consistent with each other. Figures 3͑a͒ and 3͑b͒ show data taken with different polarization conditions at ͑1, 0, 0͒ that make it possible to calculate the moment direction, which is found to be On the other hand, such a difference is predicted by a model 9 that considers moments from both CC and spin moments, the latter being induced through the spin-orbit coupling. The model gives a smaller angle for the ͑1, 0, 0͒ reflection as it is found, increasing confidence in the correctness of the model. Figure 3͑d͒ shows a scan along the L direction at the ͑1, 0, 1͒ position. The magnetic scattering is obtained by taking a temperature difference of the SF scattering for the P ʈ Q polarization condition. The blue points represent the nonmagnetic NSF Bragg scattering ͑i.e., the resolution of the spectrometer, here full width at half maximum of 0.013 Å −1 ͒ scaled to the same amplitude as the magnetic scattering. Both curves superpose very well meaning that the magnetic peak is limited by the resolution. That suggests that the magnetic state is ordered at long range along c ‫ء‬ . From the resolution width, one can determine a lower bound for the magnetic correlation length of 75 Å. The L scan shows nonzero background scattering off the peak ͓Fig. 3͑d͔͒. In contrast to the peak, the polarization analysis shows that this temperature dependent background is nonmagnetic. Performing scans in Q space is difficult as the spectrometer must move for each step possibly changing the polarization slightly. This seems to be more of a problem for the H direction where angle between the spectrometer arms mainly moves rather than for the L direction, where the movement is mostly in the sample angle. We have searched for ways to improve this situation but so far have not had much success.
A major advance here is the observation of magnetic scattering that is not just a gradual increase in intensity but rather a scattering pattern that shows a sharp increase in a narrow temperature range as expected for the transition to another phase. Furthermore, this occurs at the position expected for the pseudogap transition. The requirements to obtain this result are a crystal of exceptional perfection big enough to obtain good counting statistics and an intense polarized beam with a very high polarization. The crystal has been used in other studies that demonstrate its perfection such as the discovery of magnetic incommensurate structure in the YBa 2 Cu 3 O 6+x materials 10 and the sharpness of the resonance peak at ͑ , ͒ compared to other crystals. 11 This shows that high sample perfection can lead to the discovery of other physics as is found here.
We do not know the origin of the observed magnetism. If we use 0.5 for the square of the ͑1, 0, 1͒ magnetic form factor as has been done in Ref. 8 , it corresponds to a moment of about 0.1 B per sublattice. We found here a magnetic order with a sharp transition near the value of T m = 235Ϯ 15 K which respects the translational symmetry of the lattice and whose symmetry corresponds to the one recently proposed by Varma. 6 Of course the possibility that the observed magnetic order is related to the pseudogap is of great interest. Such an interpretation is supported by the work of Xia et al., 12 who also found a time-reversal broken symmetry near the pseudogap temperature from the Kerr effect, and possibly agrees with earlier muon spin-relaxation measurements on YBCO ͑Ref. 13͒ although their interpretation has been controversial. 14 A major accomplishment of the present work is that it confirms the earlier observations of Fauqué et al. 8 However, important information is gained as well. A key advance stems from the fact that the transition is sufficiently sharp that the temperature dependence of the magnetic scattering can be fit to obtain the critical exponent giving 2␤ = 0.37Ϯ 0.12. Essentially the same number is obtained by plotting the logarithm of the intensity vs log͑T m − T͒ / T m and obtaining the slope. Since we do not have a high density of points, data down to temperatures considerably below the transition were needed to get the quoted exponent. An application of the Ginzburg criteria for the regime of critical fluctuations tells us that the critical regime in two dimensions is the same order as the ordering temperature. 15 A transition with an exponent ␤ = 0.18, which is in the center of the range between 1/4 and 1/8, has a much reduced specific-heat divergence 16 possibly explaining why none is observed at the pseudogap transition. 17, 18 This gives an answer to one of the central issues of the pseudogap problem, FIG. 3 . ͑Color online͒ Measurements for two polarization configurations on the ͑1, 0, 0͒ reflection and for the P ʈ z configuration on the ͑2, 0, 1͒ reflection and a scan through ͑1, 0, 1͒ along c ‫ء‬ . In panel ͑a͒ the background given by the NSF scattering corrected by the temperature dependence of the flipping ratio R͑T͒ ͑blue circles͒ is compared with the SF scattering ͑red squares͒ for the Bragg ͑2, 0, 1͒. Panels ͑b͒ and ͑c͒ show the SF scattering ͑red squares͒ and NSF/R͑T͒ ͑blue points͒ for the P ʈ Q and P ʈ z polarization directions for ͑1, 0, 0͒ ͓͑R͑T͒ = R͑300 K͕͒1 + 0.06͑1−T / 300͖͒͒ has been determined from Fig. 3͑b͔͒ . The difference between both curves shows the magnetic scattering. ͑d͒ shows a scan along L for the ͑1, 0, 1͒ position taken in the P ʈ Q polarization state of the magnetic scattering ͑red squares͒, obtained by the temperature difference of the SF scattering where NSF/R͑T͒ has been subtracted at each temperature ͓R͑T͒ = R͑300 K͕͒1 + 0.02͑1−T / 300͖͒ as in Fig. 2͔ . The blue points show a NSF nonmagnetic scan of the Bragg peak normalized to the magnetic intensity. Results of panels ͑a͒-͑c͒ have been obtained with the same experimental setup, whereas the L scan of panel ͑d͒ has been measured with the same experimental conditions as Fig. 2 .
